The biosynthetic pathway of lutein, the most abundant carotenoid in leaves, has been extensively studied, while its degradation pathway during senescence is poorly understood. We found that a novel carotenoid derivative, lutein 3-acetate, accumulates in senescent leaves of rice ( Oryza sativa L.). The change in contents of lutein and lutein 3-acetate suggests that lutein is converted to lutein 3-acetate during senescence. Analysis of mutants involved in light-harvesting complex II (LHCII) accumulation and degradation suggests that the converting activity is induced during senescence and that only free lutein, not lutein bound to LHCII, is converted into lutein 3-acetate.
The major carotenoids in non-senescent leaves are lutein, 9 ′ -cis neoxanthin, violaxanthin and β -carotene. Except for β -carotene, they are components of the light-harvesting chlorophyll a / b protein complex (LHCP) together with Chl a and Chl b . Lutein is one of the most abundant carotenoids in mature plant leaves. The synthesis of lutein involves cyclization of lycopene to form α -carotene, which contains a β -end group produced by lycopene β -cyclase and an ε -end group formed by lycopene ε-cyclase ( Cunningham and Gantt 2001 ) . This is followed by the introduction of hydroxyl groups onto the β -end group by β -carotene hydroxylase ( Tian et al. 2003 ) and the ε-end group by ε-carotene hydroxylase, which is encoded by LUT1 ( Tian et al. 2004 ). On the other hand, the degradation pathway of lutein remains poorly understood. An isoform of carotenoid cleavage dioxygenase (CCD) is thought to be involved in the degradation of lutein in white petals of chrysanthemum ( Ohmiya et al. 2006 ) . However, it is not known whether CCDs are involved in carotenoid degradation in leaf senescence.
When rice leaves are incubated in the dark at 27 ° C, yellowing begins to be recognized 4-5 days after dark incubation (DAD), and almost full yellowing is observed at 7-8 DAD ( Fig. 1A ). HPLC analysis of photosynthetic pigments revealed that the levels of Chl a , Chl b, 9 ′ -cis neoxanthin, violaxanthin and lutein were reduced, while that of β -carotene was relatively retained in the senescing rice leaves ( Fig. 1B ) . In addition, a novel carotenoid eluted between lutein and Chl b (indicated by a black triangle in Fig. 1B ). Its absorption spectrum was compatible with that of lutein ( Fig. 2A ). This carotenoid was not detected at 3 DAD, began to appear at 5 DAD and was signifi cantly increased at 7 DAD in rice leaves.
The amount of lutein began to decrease at 5 DAD and only very little lutein was detected at 7 DAD. These observations suggest that a decrease in lutein content and an increase in the unknown carotenoid content show a close relation to the progression of yellowing. The unknown carotenoid was also found by HPLC analysis in the naturally senescent leaves of rice (data not shown).
For identifi cation of the unknown carotenoid, the pigment was extracted from the dark-induced senescent leaves of rice (cv. Koshihikari) and then purifi ed. The absorption maxima of the purifi ed carotenoid in methanol were 267, 332, 423 (shoulder), 443 and 472 nm ( Fig. 2A ) . The spectral fi ne structure of % III/II was 63, measured as the ratio of the peak heights of the longest and the middle wavelength absorption bands from the trough between the two peaks ( Takaichi and Shimada 1992 ) . From these results, the carotenoid might be a derivative of α -carotene ( Takaichi and Shimada 1992 ) . The relative molecular mass was 610, which is 42 mass units heavier than that of lutein. The circular dichroism spectrum was the same as that of (3 R ,3 ′ R ,6 ′ R )-lutein, which has a stereochemical structure in plants ( Fig. 2B ) ( Buchecker and Noack 1995 ) . The 1 H-NMR spectrum (Supplementary Table 1 ) was similar to that of (3 R ,3 ′ R ,6 ′ R )-lutein, but one singlet peak at 2.056 ppm was present. NOESY and gCOSY measurements and the data of Englert (1995) indicated that the hydroxyl group of the β -end group was substituted by an acetyl group. Thus, the structure of the unknown carotenoid was identifi ed as lutein 3-acetate ( Fig. 2B ). The IUPAC-IUBMB semi-systematic name is
Only 17 kinds of carotenoid containing an acetyl group have been reported among 732 carotenoids ( Britton et al. 2004 ) . Fifteen acetylated carotenoids including fucoxanthin and peridinine are found only from algae, while two acetylated apocarotenoids with C 31 are found in the root of Cochlospermum vitifolium (Cochlospermaceae; Achenbach et al. 1989 ) . Thus, this is the fi rst report of an acetylated carotenoid in the leaves of land plants and of lutein 3-acetate in nature.
In rice leaves, the amount of lutein 3-acetate appeared to increase as the amount of lutein decreased during senescence ( Fig. 1 ). Taken together with the structural similarity including stereochemistry, it is very likely that lutein is converted to lutein 3-acetate during leaf senescence. This modifi cation is likely conducted by a specifi c enzyme, 'lutein acetyltransferase', which transfers an acetyl group at the hydroxyl group of the β -end of lutein.
The rice mutant of the chlorophyllide a oxygenase gene ( cao-2 ), which encodes the key enzyme for Chl b synthesis, lacks both Chl b and pigment-bound LHCPs ( Morita et al. 2005 ) . Nevertheless, a signifi cant amount of lutein was detected in the cao-2 mutant leaves ( Fig. 3A , day 0) , suggesting that lutein exists in the cao-2 mutant leaves as a non-LHCP-bound form. While lutein 3-acetate was not detected in the non-senescent cao-2 mutant leaves, a strong peak for lutein 3-acetate and little lutein were detected in the fully senescent cao-2 mutant leaves ( Fig. 3A , day 8 ). These observations suggest that lutein in a non-LHCP-bound form at the pre-senescence stage is converted into lutein 3-acetate during senescence. Probably, 'lutein acetyltransferase' is induced and/or activated during senescence.
In the rice mutant nyc1 , LHCII (the major subfamily of LHCPs associated with photosystem II) is selectively stable during senescence ( Kusaba et al. 2007 ). In the nyc1 mutant leaves, about half of the lutein content was retained even at a very late stage of senescence and less lutein 3-acetate accumulated. This observation raises the possibility that only free or LHCI (LHCPs associated with phtosystem I)-bound lutein but not LHCII-bound lutein are converted into lutein 3-acetate in nyc1 . To confi rm this hypothesis, pigments were extracted with acetone from the gel-purifi ed LHCII and analyzed by HPLC ( Fig. 3B ). Before senescence, LHCII in the wild type (cv. Koshihikari) and nyc1 contained 9 ′ -cis neoxanthin, Chl a , Chl b and lutein ( Fig. 3B , WT day 0, nyc-1 day 0). Violaxanthin is thought to dissociate from LHCII during purifi cation because violaxanthin binds to LHCII very loosely ( Ruban et al. 1999 ) . The gel-purifi ed LHCII from the completely senescent nyc1 leaves contained lutein but did not contain lutein 3-acetate although lutein 3-acetate accumulated in the nyc1 leaves at this stage ( Fig. 3B , day 7 ; Kusaba et al. 2007 ). Because lutein is not essential for LHCII stability ( Lokstein et al. 2002 ) , this suggests that LHCII-bound lutein is converted only after degradation of LHCII in the wild type. This implies that 'lutein acetyltransferase' is not able to convert LHCII-bound lutein to lutein 3-acetate. The distribution of lutein 3-acetate was investigated in 21 species including angiosperm and gymnosperm plants (Supplementary Table 2 ). Among them, lutein 3-acetate was found in only three species, namely, Oryza sativa (rice), Pleioblastus chino and Panicum maximum , all of which belong to the monocot family Poaceae. The senescent leaves of Kasalath, a rice variety belonging to the indica subspecies, also contained lutein 3-acetate. No lutein 3-acetate was detected in the other three Poaceae species, namely, Hordeum vulgare (barley), Zea mays (maize) and Bromus catharticus . While lutein was completely converted to lutein 3-acetate in the fully yellowed leaves of rice, the conversion appeared incomplete in P. chino . In P. maximum , lutein 3-acetate was detected as a minor peak in the incompletely yellowed leaves (data not shown). Lutein was often the only major carotenoid in completely yellowed leaves, particularly in trees, including Quercus glauca , Gardenia jasminoides , Camellia japonica , Citrus unshiu and Ginkgo biloba (data not shown). These species may be classifi ed as 'lutein-accumulating species'. In Arabidopsis thaliana , the color of fully senescent leaves appears yellow but weak, suggesting low carotenoid content. HPLC analysis of photosynthetic pigments revealed an apparently lower content of lutein and β -carotene in fully senescent leaves in comparison with non-senescent leaves, suggesting degradation of these carotenoids during senescence (Supplementary Fig. 1) . Thus, Arabidopsis and other such species including Populus tremula may belong to a class of 'luteindegrading species' ( Keskitalo et al. 2005 ) .
The biological function of lutein 3-acetate is uncertain. One possibility is that lutein 3-acetate is an intermediary metabolite of a lutein-degrading pathway. The observation that lutein 3-acetate was found only in the senescent leaves supports this idea. Since caroteonids are not newly synthesized in senescing chloroplast (gerontoplast), this scenario predicts that lutein 3-acetate is very rapidly metabolized into the downstream substance in the 'lutein-degrading' species and lutein 3-acetate metabolizing activity is impaired in 'lutein 3-acetate-accumulating' species ( Matile 2000 ) . On the other hand, the 'lutein-accumulating' species may have a defect in 'lutein acetyltransferase' activity. These observations apparently suggest that lutein is metabolized differently depending on species.
In summary, we found a novel carotenoid derivative, lutein 3-acetate, which accumulated during senescence in rice leaves. Lutein contained in LHCII is thought to be converted into lutein 3-acetate only after LHCII degradation. This observation highlights the regulation of metabolism by the accessibility of enzymes to their substrate. In addition, our data indicate that a part of lutein conversion depends on Chl b degradation, confi rming the pleiotropic role of Chl b degradation during leaf senescence ( Kusaba et al. 2007 ; Sato et al. 2009 ). This is the fi rst description of acetylated carotenoid in the leaves of land plants and could be a clue to understanding lutein metabolism during leaf senescence.
Materials and Methods
Twenty-one species used for analysis are described in Supplementary Table 2 . In most cases, naturally senescent leaves were collected from botanical gardens or fi elds.
For HPLC identifi cation of the unknown carotenoid, darkinduced senescent leaves of rice (cv. Koshihikari) were used. Dark incubation was performed at 27 ° C in rice and P. maximum , and at 22 ° C in A. thaliana .
Plant tissue (100 mg) was ground in a mortar with liquid nitrogen, and then extracted with 3 ml of 80 % acetone. The HPLC apparatus was equipped with a Symmetry C 8 column (4.6 × 150 mm; Waters, USA) according to Zapata et al. (2000) and with a photodiode-array detector (SPD-M10A, Shimadzu, Japan).
Chlorophylls and the known carotenoids were identifi ed from their absorption spectra and specifi c retention times on the HPLC apparatus described above. The unknown carotenoid in the senescing leaves of rice (7 DAD) was isolated and purifi ed as follows. We extracted the pigments with acetone/methanol (7:2, v/v), and then evaporated the solvent. The pigments were isolated by silica gel TLC (Merck, Germany) developed with dichloromethane/ethyl acetate (4:1, v/v), and the yellow carotenoid between β -carotene and lutein was collected. This was then loaded onto a column of DEAE-Toyopearl ® 650 M (Tosoh, Japan), and the carotenoid was eluted with n -hexane/acetone (1:1, v/v), but the chlorophylls and polar lipids remained on the column. Finally the carotenoid was collected from the HPLC apparatus equipped with a µBondapak C18 column (8 × 100 mm, RCM type; Waters) and eluted with methanol (1.8 ml/min) ( Iwai et al. 2008 ) .
The circular dichroism spectrum was measured using a J-820 spectropolarimeter (Jasco, Japan) in diethyl ether/ 2-pentane/ethanol (5:5:2, v/v/v) at room temperature. The relative molecular mass was measured using an FD-MS: M-2500 double-focusing gas chromatograph-mass spectrometer (Hitachi, Japan) equipped with a fi eld-desorption apparatus. The 1 H-NMR (500 MHz) spectra of the carotenoid in CDCl 3 at 24 ° C were measured using the UNITY INO-VA -500 system (Varian, USA) ( Iwai et al. 2008 ) . The peaks were assigned by comparing with the data of Englert (1995) .
Green gel analysis was performed as described by Morita et al. (2005) . LHCII protein was eluted from the sliced gel containing LHCII trimer using NA-1710 according to the manufacturer's instructions (Nihon Eido, Tokyo, Japan). Acetone was added to a fi nal concentration of 80 % and then centrifuged at 15,000 rpm for 5 min at 4 ° C. The supernatant was subjected to HPLC analysis as described above.
Supplementary Data
Supplementary Data are available at PCP Online.
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